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Edited by Felix WielandAbstract Endoplasmic reticulum (ER)-derived compartments
are found in many plant species. Although it has been assumed
that aggregation induces formation of the ER-derived compart-
ments in plant seed cells, the eﬀect of aggregation on the traﬃck-
ing from the ER to the Golgi has not yet been elucidated. In this
study, we used an aggregated type of red ﬂuorescent protein
(DsRED) to investigate the eﬀect of aggregation on sorting in
seed cells. DsRED fused to the Golgi sorting determinant was
found mainly in large globular structures derived from the ER
where ER-resident proteins were excluded. These results indicate
that aggregation of the Golgi protein blocks transport from the
ER to the Golgi.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Many plants generate storage compartments derived from
the endoplasmic reticulum (ER) to accumulate a large amount
of protein [1]. An ER-derived compartment is observed as
spindle-shaped bodies in Arabidopsis cotyledon, hypocotyl
and root cells that express an ER-targeted green ﬂuorescent
protein (GFP) [2]. Another form of ER-derived compartment,
precursor accumulating (PAC) vesicles, is found in maturing
seeds of pumpkin (Cucurbita maxima), castor bean (Ricinus
communis) [3], soybean (Glycine max) [4] and rice (Oryza sati-
va) [5]. PAC vesicles contain the precursor forms of seed stor-
age proteins. It is assumed that the aggregates in the ER are
related to a formation of the ER-derived compartments. How-
ever, the eﬀect of the aggregation on the traﬃcking from the
ER to the Golgi apparatus has not been elucidated.
Plant cells contain multiple vacuoles, some of which have
storage or digestive function [6]. Maturing seed cells possess
protein storage vacuoles containing seed storage proteins [7].
Previously, we developed a transient expression system usingAbbreviations: BFA, brefeldin A; DsRED, Discosoma sp. red ﬂuores-
cent protein; ER, endoplasmic reticulum; GFP, green ﬂuorescent
protein; mRFP, monomeric red ﬂuorescent protein; PAC vesicle,
precursor accumulating vesicle; YFP, yellow ﬂuorescent protein
*Corresponding author. Fax: +81 774 38 3761.
E-mail address: marunobu@kais.kyoto-u.ac.jp (N. Maruyama).
0014-5793/$34.00  2008 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2008.04.008maturing soybean seeds in order to characterize sorting deter-
minants required for deposition of these storage proteins
[8–11]. This transient expression system is useful for examining
the eﬀects of the co-expression of dominant negative mutants
of small GTPases and of various drugs on the sorting to the
vacuole and the Golgi apparatus in seed cells [8]. SAR1 and
ARF1, small GTPases, participate in the formation of COPII
and COPI-coated vesicles, respectively [12,13]. Co-expression
of small GTPases sar1 or arf1 dominant negative mutant
inhibits the vacuolar sorting of a reporter protein on maturing
soybean seed cells, indicating that COPI and COPII-coated
vesicles play an important role on a membrane traﬃc in plant
seed cells [8]. Brefeldin A (BFA) inhibits the guanine nucleo-
tide exchange of ARF1 [14,15]. In the presence of BFA, Golgi
proteins redistribute into the ER, resulting in that ER–Golgi
apparatus hybrid compartments are formed on maturing soy-
bean seed cells [8].
Recently, various ﬂuorescent proteins have been used as a
reporter in living cells. The tetrameric Discosoma sp. red ﬂuo-
rescent protein (DsRED) exhibits bright red ﬂuorescence, but
it forms aggregates in cells [16]. Monomeric red ﬂuorescent
protein (mRFP) was developed, because an aggregation of
DsRed have hindered its use as a genetically encoded fusion
tag [17]. mRFP fusion proteins have been used in plant cells
as various organelle markers [8,18–20].
Here, we used DsRED and mRFP to investigate an eﬀect of
an aggregation of the Golgi apparatus protein on the budding
from the ER and the sorting to the Golgi apparatus in seed
cells. When we transiently expressed DsRED fused to a Golgi
apparatus sorting determinant in maturing soybean seed cells,
the fusion proteins accumulated in large globular structures.
We suggest, by expression of dominant negative mutants of
small GTPases and drug treatment experiments, that an aggre-
gation of the Golgi apparatus protein acts as a trigger for a
formation of ER-derived compartments and ER-resident pro-
teins were excluded from the ER-derived structures during
their formation.2. Materials and methods
2.1. Constructs
Standard molecular techniques were used as described by Sambrook
et al. [21]. Schemes of constructs used in this study are shown in Fig. 1.
Expression plasmids for GFP:CT, GFP:HDEL, Xyl:YFP and
Xyl:mRFP have been described previously [8,9]. To construct expres-
sion plasmids for Xyl:DsRED, a coding region of DsRED in the pDs-
RED-Express-1 plasmid (Clontech) was used. To generate theblished by Elsevier B.V. All rights reserved.
Fig. 1. Schemes of the constructs for transient expression in soybean
maturing seed cells.
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performed site-directed mutagenesis by PCR. Expression plasmids
for the truncated Xyl:DsRED and Xyl:mRFP mutants
(Xyl(TM):DsRED and Xyl(TM):mRFP) which contain Xyl:DsRED
and Xyl:mRFP coding regions without the cytosolic region of b1,2-
xylosyltransferase were also created by PCR. DNAs for BiP, PDI
and Sec61c subcloned by PCR from Arabidopsis mRNA from the RI-
KEN Bioresource Center (Identiﬁcation codes; pda12219 for BiP,
pda00289 for PDI and pda08639 for Sec61c) were used for construct-
ing the expression plasmids for GFP:BiP, GFP:PDI and GFP:Sec61.
To construct the plant binary vector encoding Xyl:DsRED for Ara-
bidopsis transformation, the DNA fragment consisting of seed-speciﬁc
soybean b-conglycinin a 0 promoter and Xyl:DsRED coding region
was inserted between BamHI and KpnI sites of pBI101 (Clontech),
whose SacI site had been replaced by aKpnI site by means of inserting
a KpnI linker (TaKaRa BIO).
Sequences of promoter and coding regions were conﬁrmed by ABI
3100 avant DNA analyzer (Applied Biosystems). Primer sequences
used for the cloning and mutagenesis described above are available
upon request.
2.2. Transient expression assay in soybean maturing seed cells
Maturing soybean seeds were immersed in 70% (v/v) ethanol to ster-
ilize their surfaces and rinsed with sterile water. Particle bombardment
was performed with Biolistic PDS-1000/He (Bio-Rad, Hercules, CA) as
described previously [8,9]. After incubation on B5 media, thin sections(<1 mm) cut with razor blades from the surfaces of the soybean
maturing seeds were placed on slide glasses and covered with cover
glasses for confocal microscopy. To examine an eﬀect of BFA, BFA
dissolved in DMSO was added to B5 media. As control experiments,
we added the same amount of DMSO as that contained in the BFA
treatment condition to B5 media.2.3. Agrobacterium-mediated Arabidopsis transformation
Transformation of Arabidopsis (ecotype Col-0) was performed by an
in planta Agrobacterium vacuum inﬁltration method [22]. Transformed
seedlings (T1 plants) were selected on Murashige–Skoog agar plates
containing 200 lg ml1 carbenicillin and 30 lg ml1 kanamycin. T2
dry and T3 developing seeds were collected and subjected to confocal
laser scanning microscopy.2.4. Confocal laser scanning microscopy
Fluorescent images were obtained using MRC-1024 confocal laser
scanning microscope (Bio-Rad). We checked more than 25 cells for
each construct and typical patterns are shown in ﬁgures.3. Results
3.1. DsRED fused to b1,2-xylosyltransferase is not sorted to the
Golgi apparatus
We previously indicated that either mRFP or yellow ﬂuores-
cent protein (YFP) fused to a transmembrane domain and a
cytosolic region of Arabidopsis b1,2-xylosyltransferase
(Xyl:mRFP or Xyl:YFP) is sorted to the Golgi apparatus on
maturing soybean seed cells [8]. DsRED fused to the trans-
membrane domain and the cytosolic region of b1,2-xylosyl-
transferase (Xyl:DsRED) was used for examining eﬀects of
an aggregation of the Golgi apparatus protein on the sorting
in seed cells (Fig. 2). Xyl:DsRED mainly exhibited a large
globular pattern in maturing soybean seed cells and did not
overlap with GFP:CT (GFP fused to C-terminal 10 amino
acids of soybean seed storage protein b-conglycinin a 0 subunit;
protein storage vacuole marker) and Xyl:YFP (Golgi appara-
tus marker) (Fig. 2A and B). GFP:HDEL (GFP fused to a
peptide His-Asp-Glu-Leu; ER marker) seemed to localize par-
tially with Xyl:DsRED, but was hardly observed inside globu-
lar structures of Xyl:DsRED (Fig. 2C). Although a small part
of BiP or PDI, both soluble ER proteins, fused to GFP
(GFP:BiP and GFP:PDI) colocalized with globular structures
of Xyl:DsRED, they were not detected inside the globular
structures similarly to GFP:HDEL (Fig. 2D and E). Further,
we examined colocalization of Sec61c, a component of the
ER translocation channel, fused to GFP (GFP:Sec61) with
Xyl:DsRED (Fig. 2F). Sec61c has a transmembrane domain
inserted into the ER membrane [23]. GFP:Sec61 showed retic-
ular-like structures with globular structures overlapped with
Xyl:DsRED. These results suggest that a delivery of
Xyl:DsRED to the Golgi apparatus is defective, and distinct
from those of Xyl:YFP and Xyl:mRFP.
3.2. Xyl:DsRED accumulates in large globular structures in the
presence of BFA
We examined an eﬀect of BFA, which has been widely used
as a reversible inhibitor of vesicle traﬃcking in yeast, mamma-
lian and plant cells [14,15]. Previously, we showed that
Xyl:mRFP, the Golgi apparatus marker, resides in aER–Golgi
hybrid in the presence of BFA in maturing seed cells [8]. When
Xyl:DsRed was expressed in the presence of BFA, the charac-
teristic localization to large globular structures was preserved
Fig. 2. Localization of DsRED fused to transmembrane domain and cytosolic region of b1,2-xylosyltransferase. Confocal images of maturing seed
cells expressing DsRED fused to the transmembrane domain and cytosolic region of b1,2-xylosyltransferase (Xyl:DsRED). Xyl:DsRED was co-
expressed with GFP:CT (protein storage vacuole marker) (A), Xyl:YFP (Golgi marker) (B), GFP:HDEL (soluble ER marker) (C), GFP:BiP (soluble
ER marker) (D), GFP:PDI (soluble ER marker) (E) and GFP:Sec61 (membrane ER marker) (F). Asterisks indicate a region of colocalization of ER
markers and Xyl:DsRED. A boundary between cells is shown by dotted lines. Bars, 10 lm.
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lapped with the ER–Golgi hybrids of a Xyl:YFP (Fig. 3A).
Conversely, in the presence of BFA, Xyl:DsRed did not colo-calize with a globular domain of GFP:CT (Fig. 3B). Previ-
ously, we reported that the vacuolar sorting of the reporter
protein is inhibited by the presence of BFA and that the repor-
Fig. 3. Eﬀect of brefeldin A on localization of Xyl:DsRED. Xyl:DsRED was co-expressed with Xyl:YFP (Golgi marker) (A) or GFP:CT (protein
storage vacuole marker) (B). After introducing expression plasmids, maturing seed cells were incubated on the medium containing brefeldin A. A
boundary between cells is shown by dotted lines. Bars, 10 lm.
Fig. 4. Eﬀect of co-expression of dominant negative mutant of SAR1 or ARF1 on large globular structure formation of Xyl:DsRED. Xyl:mRFP or
Xyl:DsRED was co-expressed with sar1 dominant negative mutant (sar1[H74L]) (Xyl:mRFP, A; Xyl:DsRED, C) or arf1 dominant negative mutant
(arf1[Q71L]) (Xyl:mRFP, B; Xyl:DsRED, D) in maturing seed cells. A boundary between cells is shown by dotted lines. Bars, 10 lm.
1602 N. Maruyama et al. / FEBS Letters 582 (2008) 1599–1606ter protein for the protein storage vacuole condenses into glob-
ular structures within the ER–Golgi hybrid structures togetherwith ER residents [8]. The results obtained here together with
the previous report suggest that GFP:CT is condensed into
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observed in Fig. 2A and that Xyl:DsRED and GFP:CT exist
separately within the ER–Golgi hybrid compartments.
3.3. Co-expression of sar1 or arf1 dominant negative mutant
does not aﬀect the formation of the large globular structure
of Xyl:DsRED
Previously, we established a transient assay system for an
examination of the eﬀects of Arabidopsis sar1 and arf1 domi-
nant negative mutants (Atsar1[H74L] and Atarf1[Q71L]) in
soybean maturing seed cells [8]. Whether SAR1 and ARF1
are involved in sorting of Xyl:mRFP to the Golgi apparatusFig. 5. Role of cytosolic region of Xyl:RFP on large globular structure fo
Xyl:mRFP or Xyl:DsRED in which the basic amino acids of MSKRNPLI
residues (Mut-Xyl:mRFP, A; Mut-Xyl:DsRED, B). Confocal images of
xylosyltransferase are shown in (C) (Xyl(TM):mRFP) or (D) (Xyl:(TM):DsRwas examined. Whereas Xyl:mRFP alone shows the dotted
pattern [8], Xyl:mRFP co-expressed with Atsar1[H74L] in
maturing soybean seed cells exhibited a reticular pattern in
all cells exhibiting red ﬂuorescence (Fig. 4A). This indicates
that the Golgi apparatus targeting of Xyl:mRFP is clearly
inhibited. Co-expression of Atarf1[Q71L] also blocked the
sorting of Xyl:mRFP to the Golgi apparatus (Fig. 4B). On
the other hand, the co-expression of Atsar1[H74L] or
Atarf1[Q71L] did not aﬀect the distribution of Xyl:DsRED,
the large globular structures (Fig. 4C and D). These results
suggest that Xyl:DsRED is not transported to the Golgi appa-
ratus.rmation. Confocal images of maturing seed cells expressing mutated
of b1,2-xylosyltransferase were replaced with non-charged hyrophilic
mRFP or DsRED fused to only transmembane domain of b1,2-
ED). A boundary between cells is shown by dotted lines. Bars, 10 lm.
Fig. 6. Transgenic Arabidopsis seed expressing Xyl:dsRED. Confocal images of wild type maturing seed (Col 0) (A), maturing seed expressing
Xyl:DsRED (B) and dry seed expressing Xyl:DsRED (C) are shown. Bars, 10 lm. (D) is a transmitted image of (C).
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Xyl:DsRED does not aﬀect the formation of large globular
structures
It has been reported that basic residues in the cytosolic re-
gions of glycosyltransferase and prolyl 4-hydroxylase, type II
membrane proteins, play an important role in the exit from
the ER [24,25]. The sequence of a putative cytosolic region
of Xyl:mRFP is MSKRNPKI. We expressed a mutated form
of Xyl:mRFP (Mut-Xyl:mRFP) in which the basic amino acids
of MSKRNPKI were replaced with non-charged hydrophilic
residues (MSTTNPLTI: Bold indicates the mutated residues).
Mut-Xyl:mRFP showed mainly a punctate pattern (Fig. 5A),
whereas the mutated Xyl:DsRED (Mut-Xyl:DsRED) showed
large globular structures (Fig. 5B). These suggest that the basic
amino acids of MSKRNPKI are not essential for the exit from
the ER, because the reticular pattern of the ER was not ob-
served within the cells expressing Mut-Xyl:mRFP. On the
other hand, mRFP fused to the transmembrane domain of
b1,2-xylosyltransferase (Xyl(TM):mRFP) did not show a
punctuate pattern and most of them was secreted to the plasma
membrane and/or the intercellular space (Fig. 5C), whereas
Xyl(TM):DsRED still showed the large globular patterns
(Fig. 5D). Therefore, the cytosolic region of Xyl:mRFP plays
an important role in sorting and retention to the Golgi appa-
ratus, but it is not related to the large globular structure forma-
tion of Xyl:DsRED. Further, these results are consistent withour data in Figs. 2–4 suggesting that Xyl:DsRED is not trans-
ported to the Golgi apparatus.3.5. Xyl:dsRED forms large globular structures in transgenic
Arabidopsis seeds
To examine whether Xyl:DsRED accumulates in large glob-
ular structures in transgenic plants, we generated transgenic
Arabidopsis plants expressing Xyl:DsRED under a control of
a seed-speciﬁc promoter. We investigated both dry and matur-
ing seeds by confocal microscopy. Globular structures of red
ﬂuorescence were detected in both dry and maturing Arabidop-
sis seeds similarly to the transient expression experiments in
maturing soybean seed cells (Fig. 6A–C). Therefore, we pro-
pose that Xyl:DsRED accumulates in globular structures dur-
ing normal seed development.4. Discussion
In this study, we report that tetrameric red ﬂuorescent pro-
tein, DsRED, fused to a Golgi apparatus sorting determinant
(Xyl:DsRED) accumulated in large globular structures in seed
cells (Fig. 2). Even in the presence of BFA, which blocks trans-
port between the ER and the Golgi apparatus, Xyl:DsRED
was deposited in the large globular structures (Fig. 3). Further,
Fig. 7. Model describing the formation the globular structures of Xyl:DsRED. (A) Xyl:DsRED accumulates in globular structures derived from the
ER under a normal condition. (B) Xyl:DsRED accumulates in globular structures within the ER–Golgi hybrid in the presence of BFA.
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not aﬀect the formation of the large globular structures (Fig.
4). Deletion of the cytosolic region, which plays an important
role in the targeting to the Golgi apparatus, did not aﬀect the
formation of the large globular structures (Fig. 5). These re-
sults suggest that Xyl:DsRED is not transported to the Golgi
apparatus and imply that these large globular structures are
derived from the ER in seed cells (Fig. 7A). The ER contains
functionally distinct subdomains. Cargo molecules to the Gol-
gi apparatus are packaged into transport carriers, COPII ves-
icles, in the ER export site, one of functional subdomains in
the ER [26–28]. In the presence of BFA, soluble proteins
(GFP:CT and GFP:HDEL) accumulated in a globular domain
exhibiting bright green ﬂuorescence within the ER–Golgi hy-
brid (Figs. 3 and 7B [8]). The globular domain containing sol-
uble proteins (GFP:CT and GFP:HDEL) is considered to be
derived from an ER export site. The large globular structures
of Xyl:DsRED did not overlap with the globular domains con-
taining GFP:CT in the presence of BFA (Figs. 3 and 7B).
Thus, Xyl:DsRED may accumulate in and bud from an ER
subdomain distinct from the ER export sites. An export from
the ER exit site might be blocked by the aggregation of
Xyl:DsRED. Interestingly, soluble ER-resident proteins
(GFP:HDEL, GFP:BiP and GFP:PDI) were hardly observed
inside globular structures of Xyl:DsRED (Fig. 2C–E), whereas
Sec61c, the component of the ER translocation channel, fused
to GFP (GFP:Sec61) showed reticular-like structures with
globular structures overlapped with Xyl:DsRED (Fig. 2F).
These results indicate that the globular structures of
Xyl:DsRED are derived from the ER and that soluble ER-res-
ident proteins are excluded from the globular structure ofXyl:DsRED during their formation. Further studies are re-
quired to determine the accumulation and budding mecha-
nisms of Xyl:DsRED in the ER.
Previously, we examined maturing soybean seed by electron
microscopy and showed that ER-derived compartments were
scarcely observed in a normal variety of soybean [4]. Further,
a comparison of electron microscopic data among many soy-
bean varieties lacking speciﬁc seed proteins indicates that a
large amount of seed storage proteins having a low solubility
is necessary to form ER-derived compartment in soybean seeds
[4]. We used seeds of the normal soybean variety in all exper-
iments. Therefore, we consider that the globular structures
were induced by an expression of Xyl:DsRED and did not
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